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ABSTRACT
We have performed a statistical study of the properties of 110 bright X-ray outbursts in 36 low-mass
X-ray binary transients (LMXBTs) seen with the All-Sky Monitor (2–12 keV) on board the Rossi X-
ray Timing Explorer (RXTE) in 1996–2011. We have measured a number of outburst properties,
including peak X-ray luminosity, rate of change of luminosity on a daily timescale, e-folding rise and
decay timescales, outburst duration, and total radiated energy. We found that the average properties
such as peak X-ray luminosity, rise and decay timescales, outburst duration, and total radiated energy
of black hole LMXBTs, are at least two times larger than those of neutron star LMXBTs, implying that
the measurements of these properties may provide preliminary clues as to the nature of the compact
object of a newly discovered LMXBT. We also found that the outburst peak X-ray luminosity is
correlated with the rate of change of X-ray luminosity in both the rise and the decay phases, which
is consistent with our previous studies. Positive correlations between total radiated energy and peak
X-ray luminosity, and between total radiated energy and the e-folding rise or decay timescale, are also
found in the outbursts. These correlations suggest that the mass stored in the disk before an outburst
is the primary initial condition that sets up the outburst properties seen later. We also found that
the outbursts of two transient stellar-mass ULXs in M31 also roughly follow the correlations, which
indicate that the same outburst mechanism works for the brighter outbursts of these two sources in
M31 that reached the Eddington luminosity.
Subject headings: accretion, accretion disks — black hole physics —X-rays:binaries
1. INTRODUCTION
Low-mass X-ray binary transients (LMXBTs) are X-
ray transients that contain a primary star of either a
black hole (BH) or a neutron star (NS) and a less mas-
sive normal star (in general M ≤ 1M Liu et al. 2007).
They are also referred to as X-ray novae (XN) or soft
X-ray transients (SXTs) in the literature. LMXBTs are
characterized by a long period of quiescence interrupted
by episodic outbursts, during which the X-ray flux in-
creases by several orders of magnitude (see Tanaka &
Shibazaki 1996; Chen et al. 1997, for a review). Out-
bursts of LMXBTs are usually thought to be triggered
by the thermal-viscous instability in a thin accretion disk
supposed to exist during the quiescence of LMXBTs (see
the reviews by Lasota 2001, and references therein). In
the disk instability model (DIM), as matter accumulates
in the disk, the surface density increases until a thresh-
old is exceeded at a certain radius, which triggers the
instability. The heating front propagates inward and out-
ward, during which the accretion rate increases and the
source turns into an outburst phase. However, the origi-
nal DIM fails to explain some properties of the outbursts
in LMXBTs, such as outburst duration, recurrence time,
and decay time, so some other processes (such as irra-
diation) must be considered in the modified DIMs (e.g.
King & Ritter 1998; Dubus et al. 2001).
LMXBTs usually display distinct X-ray spectral states
during bright outbursts, whether the compact object is
a BH or an NS (Yu et al. 2003). The spectral variation
during each outburst can be described by the hardness
intensity diagram (HID; see Belloni 2010; Mun˜oz-Darias
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et al. 2014). The tracks along the HID also tightly corre-
late with the jet activities (see Fender et al. 2004, 2009).
Spectral state transitions from the hard state to the soft
state usually occur during the rise phase of outbursts (see
reviews by Remillard & McClintock 2006). It has been
found that the luminosity at which the state transition
occurs (corresponding to the maximum intensity of the
right track on the HID) is approximately proportional
to the peak X-ray luminosity of the outburst (Yu et al.
2004, 2007; Yu & Dolence 2007; Yu & Yan 2009; Tang
et al. 2011). The rate of change of the X-ray luminos-
ity during the rise phase of an outburst is also approxi-
mately proportional to the outburst peak X-ray luminos-
ity (Yu & Yan 2009). These two empirical correlations
strongly suggest that nonstationary accretion dominates
the development of the bright hard state and the lumi-
nosity of the hard-to-soft state transition. Because of
the large range of the accretion rate on a timescale of
days to months that an outburst covers, the LMXBTs
offer a significant advantage in studying the physics of
nonstationary accretion.
Chen et al. (1997) had performed a comprehensive
study of the optical and X-ray properties of LMXBTs
before the launch of the Rossi X-ray Timing Explorer
(RXTE). They collected X-ray light curves of 49 out-
bursts in 24 LMXBTs observed by Gina, Uhuru, Ariel
5, and Vela 5 B in different energy bands. They found
that the LMXB transient X-ray light curves display dif-
ferent morphologies, and they classified the morphologies
into five types. Some common parameters were used to
describe the properties of the outbursts, such as out-
burst peak X-ray luminosity, amplitude, rise and decay
timescales, outburst duration, and the total radiated en-
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2ergy. Their measurements of outburst parameters are
limited by the poor coverage of some light curves.
The observations of outbursts in LMXBTs have been
greatly enriched since the launch of the RXTE. The All-
Sky Monitor (ASM; Levine et al. 1996) on board the
RXTE operates in the 2–12 keV range, which provides us
with 16 yr long light curves of bright X-ray sources with a
quality and coverage better than ever before. It is there-
fore very necessary to update and summarize the current
observations of LMXBTs. In this paper, we present a
systematic study of the outburst properties of 110 out-
bursts in 36 LMXBTs, including measurements of peak
X-ray luminosity, rate of change of luminosity on a daily
timescale, e-folding rise or decay timescale, outburst du-
ration, and total radiated energy. Notice that these mea-
surements depend on the energy range we investigated –
all of our measurements are based on the RXTE/ASM
(2–12 keV) light curves.
2. DATA ANALYSIS AND RESULTS
2.1. Selection of Bright Outbursts
Among 187 LMXBs in the catalog of Liu et al.
(2007), 103 sources are identified as transients, 95 of
which are monitored by the RXTE/ASM. We also
found 11 LMXBTs in the ASM data archive which
are not included in the LMXB catalog of Liu et al.
(2007). Then there are a total of 106 LMXBTs
with RXTE/ASM light curves, but four of them (GRS
1741.9−2853, AX J1745.6−2901, 1A 1742−289, CXOGC
J174540.0−290031 ) are in the Galactic center region,
which cannot be resolved by the RXTE/ASM. So we
excluded these four sources in our analysis. There are
another three sources (GRS 1915+105, KS 1731−260,
and Cir X-1) that have outbursts of very long duration
during the RXTE era. The rise or decay phases of the
outbursts of these three sources are not available during
the RXTE era, so we do not take these three sources as
classic transient sources on the observational timescale
of the RXTE/ASM. IGR J17091−3624 is also excluded
because of its very poor data coverage.
Thus a total of 98 LMXBTs with available
RXTE/ASM data are included in our analysis. Their
long-term X-ray behavior during the RXTE era roughly
satisfied the criteria for XN in Tanaka & Shibazaki
(1996). The one-dwell light curve of each source retrieved
from the public ASM products database, 1 which covers
the period from early 1996 to late 2011, was uniformly
rebinned with one day duration bins in order to improve
the sensitivity (∼ 10 mCrab for the daily average data),
and the effects of the Type I and Type II X-ray bursts
in NS LMXBTs are insignificant in the one-day binned
data. The X-ray flux of each source is reported in Crab
units (1 Crab = 75 ct s−1, estimated from the light
curve of the Crab Nebula observed by the ASM). We
only selected as our samples outbursts with X-ray peak
fluxes larger than 0.1 Crab over a significance of 3σ, so
our samples only include bright outbursts. We describe
how to select the outburst peak flux in Section 2.3 in
detail.
The object 4U 1608−522 sometimes stayed in a low
flux level for as long as about 80 days after an out-
1 http://heasarc.nasa.gov/docs/xte/asm_products.html
burst, then showed a secondary outburst, such as the
2004 and 2005 outbursts (during MJD 53072–53202 and
MJD 53424–53691, respectively). We took the primary
and the secondary outbursts as two independent samples
in our analysis. The 2007–2009 outburst of 4U 1608−522
(see, e.g., Linares et al. 2009, or Figure 1 during about
MJD 54258–55006) is constituted of two primary out-
bursts and and a series of small outbursts. These series
of outbursts contributed three outburst samples in our
analysis.
Finally, we ended up with a total of 110 outbursts in
36 LMXBTs, which includes 22 BH systems and 14 NS
systems, respectively. More than half of the LMXBTs
in our sample only have one bright outburst during the
RXTE era (see Table 1). MXB 1730−33 has the most
amount of bright outbursts, up to 23 in the 16 yr. Sys-
tem parameters collected from the literature for these
LMXBTs are shown in Table 1. Figure 1 shows long-
term X-ray light curves of five NS and BH LMXBTs with
the frequent outbursts during 1996–2011. We measured
the peak X-ray luminosity, rate of change of luminosity
on a daily timescale, e-folding rise or decay timescale,
outburst duration and total radiated energy for each of
the outbursts. All of the results are collected in Table 8.
We plot one outburst from each LMXBT in Figure 2 as
examples.
2.2. Bright Outburst Rate
We identified 110 bright LMXBT outbursts in the ob-
servations of RXTE/ASM (including 68 NS LMXBT out-
bursts and 42 BH LMXBT outbursts). The numbers of
outbursts in every year is shown in Figure 3. Because
of the detector problems of RXTE/ASM since late 2010,
the sky coverage of RXTE/ASM was highly reduced (A.
Levine 2012, private communication), so there is only one
outburst (the 2011 outburst of 4U 1608−52) can be iden-
tified in the 2011 data. For the period of 15 yr from early
1996 to late 2010, an annual average of 7.3 bright out-
burst events of LMXBTs were detected by RXTE/ASM,
including 4.5 NS LMXBT outbursts and 2.8 BH LMXBT
outbursts. This average number of outbursts per year is
roughly three times larger than the estimation in Chen
et al. (1997), which may be due to the improvement of the
sky coverage of the RXTE/ASM. Our outburst sample
consists of bright outbursts with a peak flux larger than
0.1 Crab. Therefore, the outburst rate of the LMXBTs
we report here is independent of RXTE/ASM sensitivity.
2.3. Peak X-ray Luminosity
We chose the maximal flux value in the daily light curve
of an outburst as the peak flux. We excluded two kinds
of data points when we identified the peak flux of an
outburst, which are unlikely to be real detections and
may be from instrumental or systematic errors. The first
kind is that the flux is larger than the fluxes on two ad-
jacent days by more than a factor of two (e.g., maximum
fluxes of the outbursts of RX J1709.5−2639 and MAXI
J1659−152 in Figure 2). The second kind is that the
error of the flux is larger than the two adjacent days by
more than a factor of two (e.g., maximum flux of an out-
burst of GX 339−4 in Figure 2). In addition, the ASM
data of two outbursts have large data gaps near the out-
burst peaks (the 1996 outburst of 4U 1608−522 and the
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Figure 1. Long-term X-ray light curves of LMXBTs with frequent outbursts during 1996–2011 in 2–12 keV. Upper panel: BH LMXBTs.
Lower panel: NS LMXBTs. The horizontal dotted line marks the threshold (0.1 Crab) of outburst selection. The light curves of selected
outbursts are plotted in black.
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Figure 2. Daily light curves of a sample outburst for each LMXBT in our sample in 2–12 keV. The data points plotted as triangle symbols
are the examples of data excluded during the data analysis. See the text of Section of 2.3 and 2.4 for details.
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Figure 3. The number of Galactic LMXBT bright outbursts (Fpeak > 0.1 Crab in 2–12 keV) per year from early 1996 to late 2011. The
annual average (excluding the year 2011 ) of bright outbursts is 7.3, 4.5, and 2.8 for all of the LMXBTs, NSs, and BHs, respectively.
5Table 1
The System Parameters of LMXBTs in Our Sample
Source D(Kpc) MX(M) * Porb(hr) Noutburst References
SWIFT J1539.2−6227 · · · · · · · · · 1 Krimm et al. (2011)
4U 1543−47 7.5±1 9.4±1 26.95 1 Orosz (2003); Orosz et al. (1998)
XTE J1550−564 5.3±2.3 10.56±1.0 37.25 2 Orosz et al. (2002)
4U 1630−47 10±5 · · · · · · 8 Callanan et al. (2000)
XTE J1650−500 2.6±0.7 5±2.3 7.63 1 Homan et al. (2006); Orosz et al. (2004)
XTE J1652−453 · · · · · · · · · 1 Markwardt et al. (2009)
GRO J1655−40 3.2±0.2 7.02±0.22 62.88 2 Orosz & Bailyn (1997); Hjellming & Rupen (1995)
MAXI J1659−152 7.45±2.15 5.8±2.2 2.41 1 Kuulkers et al. (2013); Yamaoka et al. (2012)
GX 339−4 5.75±0.8 12.3±1.4 42.14 5 Shaposhnikov & Titarchuk (2009)
XTE J1720−318 6.5±3.5 · · · · · · 1 Chaty & Bessolaz (2006)
GRS 1739−278 7.25±1.25 · · · · · · 1 Greiner et al. (1996)
H1743−322 9.1±1.5 13.3±3.2 · · · 6 Shaposhnikov & Titarchuk (2009)
XTE J1748−288 >8=10±2 · · · · · · 1 Miller et al. (2001)
SLX 1746−331 · · · · · · · · · 3 Skinner et al. (1990)
XTE J1752−223 3.5±0.4 9.6±0.9 · · · 1 Shaposhnikov et al. (2010)
SWIFT J1753.5−0127 6±2 · · · 3.24 1 Cadolle Bel et al. (2007); Zurita et al. (2008)
XTE J1755−324 · · · · · · · · · 1 Revnivtsev et al. (1998)
XTE J1817−330 3± 2 · · · · · · 1 Sala et al. (2007)
XTE J1818−245 3.55±0.75 · · · · · · 1 Cadolle Bel et al. (2009)
SWIFT J1842.5−1124 · · · · · · · · · 1 Krimm et al. (2008)
XTE J1859+226 4.2±0.5 7.7±1.3 6.58 1 Shaposhnikov & Titarchuk (2009); Corral-Santana et al. (2011)
XTE J2012+381 · · · · · · · · · 1 Campana et al. (2002)
4U1608−522 5.8±2 · · · 12.89 15 Gu¨ver et al. (2010)
XTE J1701−462 8.8±1.3 · · · · · · 1 Lin et al. (2009)
RX J1709.5−2639 10±2 · · · · · · 3 Jonker et al. (2004)
XTE J1723−376 <13=10±3 · · · · · · 1 Galloway et al. (2008)
MXB 1730−33 8.8±3 · · · · · · 23 Kuulkers et al. (2003)
XTE J1739−285 <10.6=8±2 · · · · · · 1 Kaaret et al. (2007)
GRO J1744−28 8.5±0.5 · · · 284.02 2 Nishiuchi et al. (1999); Finger et al. (1996)
IGR J17473−2721 6.4±0.96 · · · · · · 2 Chen et al. (2010)
EXO 1745−248 8.7±3 · · · · · · 3 Cohn et al. (2002); Kuulkers et al. (2003)
1A 1744−361 <9=6±3 · · · 1.62 1 Bhattacharyya et al. (2006)
4U 1745−203 8.47±0.4 · · · · · · 2 Ortolani et al. (1994)
SAX J1750.8−2900 6.79 ±0.14 · · · · · · 2 Kaaret et al. (2002); Galloway et al. (2008)
2S 1803−245 <7.3=5±2 · · · 9 1 Cornelisse et al. (2007)
Aql X-1 5±1 · · · 18.95 11 Rutledge et al. (2001); Welsh et al. (2000)
*
We assumed the NS mass to be 1.4±0.1 M
Table 2
Statistical Results of the Average Peak X-ray Luminosity
All LMXBTs NS LMXBTs BH LMXBTs
< log(Fpeak) > −0.440± 0.348 −0.531± 0.266 −0.292± 0.413
< Fpeak > (Crab, 2− 12 keV ) 0.363+0.447−0.200 0.294+0.249−0.135 0.510+0.812−0.313
< log(Lpeak) > 37.668± 0.331 37.579± 0.267 37.846± 0.375
< Lpeak > (10
38 ergs s−1, 2− 12 keV ) 0.466+0.531−0.248 0.380+0.322−0.174 0.701+0.964−0.406
< log(Lpeak/LEdd) > −0.817± 0.398 −0.681± 0.267 −1.281± 0.423
< Lpeak/LEdd > (2− 12 keV ) 0.152+0.228−0.091 0.209+0.177−0.096 0.052+0.086−0.033
1996 outburst of GRO J1744−28). In such cases, the
peak flux we measured may be the lower limit of the
true value.
In order to convert the observed photon count rate
into flux, we assumed that the X-ray spectrum of each
LMXBT is the same as the Crab Nebula in the 2–12 keV
energy band. For simplicity, we used a conversion of 1
Crab as 2.12× 10−8 ergs cm−2 s−1 (2–12 keV), which is
estimated according to the spectrum of the Crab Nebula
in the 2–10 keV energy band (Kirsch et al. 2005). The
column densities of the sources in our sample are in the
range of 0.15−8×1022 cm−2, and most of them (29 out of
36) are below 2× 1022 cm−2. We have used WebPIMMS
to estimate the flux of the spectra of typical soft and hard
states of LMXBTs at a column density of 2× 1022 cm−2
with an input RXTE/ASM count rate of the Crab Neb-
ula (∼75 c s−1), and we found that the differences from
the flux of the Crab Nebula are about 10% and 25% in the
2–12 keV energy band for the soft sate and the hard state,
respectively. So for most sources, the uncertainty of the
flux we estimated according to the Crab Nebula spectra
is less than 25%. However, for the large column density
cases (such as 4U 1630−472, ∼ 8×1022 cm−2), we may
underestimate the flux by 90% in the 2–12 keV energy
band. We collected the values of distances and masses
of our selected LMXBTs from literature in order to esti-
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Figure 4. The distributions of peak luminosities and fluxes of LMXBT outbursts in 2–12 keV. The left panel shows the peak fluxes in
Crab units, of which the average is 0.363 Crab in a logarithmic scale. The middle panel shows the peak luminosities in units of erg s−1,
of which the average is 0.466 ×1038 erg s−1 in a logarithmic scale. The right panel shows the peak luminosities in units of LEdd, of which
the average is 0.152 LEdd in a logarithmic scale.
mate the X-ray luminosity (the NS mass is assumed to
be 1.4 ±0.1M). Then the peak X-ray luminosity Lpeak
of the sources (14 NS LMXBTs and 9 BH LMXBTs)
with known distances and masses are scaled in units of
LEdd, where LEdd is taken as 1.3×1038(M/M) ergs s−1.
These estimations could bring large uncertainties due to
the differences in spectral shapes, hydrogen column den-
sity, inclination angle, and radiation efficiency between
those of the Crab Nebula and those of the sources in our
sample, and in addition to the distances and the masses
(in’t Zand et al. 2007). Notice that the X-ray flux is
measured in 2–12 keV. The bolometric X-ray luminosity
could be 3 times larger than the luminosity in 2–12 keV
including the uncertainties caused by the diverse energy
spectra and column densities (in’t Zand et al. 2007).
Among the 110 outbursts we selected, the brightest
outburst during the RXTE era is the 1998 outburst of
XTE J1550−564, which reached up to 6.5 Crab. The
faintest outburst we selected is the 2004 outburst of
4U 1608−522, the peak X-ray flux of which is about
0.12 Crab. The most luminous outburst during the
RXTE era is the 2002 outburst of 4U 1543−475 for
the sources with known distances, which reached to
5.4 × 1038 ergs s−1 in 2–12 keV, and the bolometric X-
ray luminosity could be 1.6 × 1039ergs s−1. The min-
imum peak X-ray luminosity of our selected outbursts
is 9.6 × 1036 ergs s−1 from the 2001 outburst of XTE
J1650−500. The peak X-ray luminosity of the 1996 out-
burst of GRO J1744−28 is about 1.3 LEdd in 2–12 keV,
which is the highest Eddington luminosity in our sam-
ple. But RXTE/ASM only covered the decay phase of
this outburst, so the peak X-ray luminosity we measured
could be the lower limit of the true value. The bolo-
metric X-ray luminosity is about three times larger than
that in 2–12 keV (e.g. in’t Zand et al. 2007), so the ac-
tual peak X-ray luminosity of the 1996 outburst of GRO
J1744−28 is at least 3.9 LEdd. The minimum peak X-ray
in our sample is about 0.01 LEdd in 2–12 keV, which is
from the 2010 outburst of XTE J1752−223.
Figure 4 shows the distributions of the peak luminosi-
ties and fluxes of all of the selected outbursts, includ-
ing the BH LMXBTs, the NS LMXBTs and all of the
LMXBTs, respectively. The statistical results of the av-
erage peak X-ray luminosity in a logarithmic scale are
shown in Table 2. The distribution of the peak X-ray
fluxes in Crab units has a cutoff at the low flux end due
to the selection criteria of 0.1 Crab, and the distribution
above 0.1 Crab is roughly consistent with a power-law
form. From the left panel of Figure 4, we can see that the
outbursts with peak flux larger than 1.5 Crab all belong
to BH LMXBTs. The distribution of peak luminosities
in units of ergs s−1 and LEdd both are roughly consistent
with a Gaussian-like distribution in a logarithmic scale.
The average peak X-ray luminosity (in units of ergs s−1)
of BH LMXBTs is nearly two times larger than that of
NS LMXBTs; we can see those from both the middle
panel of Figure 4 and Table 2. The average peak X-ray
luminosity (in units of LEdd) of the NS LMXBTs is four
times larger than that of the BH LMXBTs (see the right
panel of Figure 4 and Table 2). The average BH mass
with a mass determination in our sample is about 9 M,
and the NS mass is assumed as 1.4 M. By considering
the difference in average peak X-ray luminosity in units
of ergs s−1 between BH and NS LMXBTs, we obtain a
peak X-ray luminosity in units of LEdd of NS LMXBTs
that is about four times larger than that of BH LMXBTs,
which is consistent with our measurement.
2.4. e-Folding Timescale and Rate of Change of
Luminosity during the Rise or Decay Phase
7Table 3
Statistical Results of the Average e-Folding Rise and Decay Timescales
All LMXBTs NS LMXBTs BH LMXBTs
< log(τrise,10%−90%) > 0.726± 0.477 0.610± 0.432 0.913± 0.493
< τrise,10%−90% > (days) 5.326
+10.663
−3.552 4.072
+6.926
−2.564 8.185
+17.288
−5.555
< log(τrise,10%−50%) > 0.565± 0.516 0.509± 0.523 0.639± 0.504
< τrise,10%−50% > (days) 3.672
+8.377
−2.553 3.230
+7.533
−2.261 4.356
+9.552
−2.992
< log(τrise,50%−90%) > 0.847± 0.509 0.726± 0.415 1.007± 0.578
< τrise,50%−90% > (days) 7.038
+15.677
−4.857 5.323
+8.509
−3.275 10.166
+28.349
−7.483
< log(τdecay,10%−90%) > 1.176± 0.392 1.032± 0.348 1.410± 0.347
< τdecay,10%−90% > (days) 15.013
+22.022
−8.927 10.774
+13.260
−5.944 25.689
+31.393
−14.128
< log(τdecay,10%−50%) > 1.086± 0.414 0.925± 0.380 1.339± 0.332
< τdecay,10%−50% > (days) 12.194
+19.415
−7.490 8.418
+11.773
−4.908 21.829
+25.098
−11.675
< log(τdecay,50%−90%) > 1.186± 0.490 1.050± 0.462 1.398± 0.461
< τdecay,50%−90% > (days) 15.330
+32.075
−10.373 11.221
+21.291
−7.348 25.032
+47.397
−16.381
The e-folding time is calculated by
τ =
∆t
lnA
(1)
where ∆t is the time needed for the X-ray flux to increase
by a factor of A. Note that the actual rise phase may
not be well described by a single exponential form. We
selected two data points in the light curve to measure
the e-folding time for simplicity. Then τ corresponds to
the e-folding time between the two data points in the
light curve; that is, for an interval of τ , the X-ray flux
increases by a factor of e ' 2.71828. The rise timescale
defined in this way is independent of the instrumental
sensitivity.
In practice, from the outburst peak backward in time
to the beginning of an outburst, we selected a data point
marked as F90%, which has the closest flux to 90% of the
outburst peak flux Fpeak in the range between the Fpeak
and the first two adjacent data points below 80% of the
Fpeak, so the F90% we selected could actually be in the
range of 80% − 100% Fpeak in the real data. Then we
selected a data point named F50% which is the closest to
50% of Fpeak in the range between the first data point
below 66% of Fpeak and the first two adjacent data points
below 33% of Fpeak, so the F50% could actually be in the
range of 33% − 66% Fpeak. We need to select two F50%
values if the outburst has a multipeak profile (e.g. the
outburst of GRO J1655−40 in the Figure 2). A data
point named F10% with a flux closest to 10% of Fpeak was
selected in the range between the first data point below
20% of Fpeak and the first two adjacent data points below
1% of Fpeak, so the F10% could actually be in the range of
1%−20% Fpeak. During the procedures indicated above,
we excluded the data points in the daily light curves of
unusual fluctuation for which a certain flux is larger or
smaller than the fluxes of the two adjacent days by more
than a factor of two (e.g., the data point on MJD 53589
of XTE J1818−245 and the data point on MJD 52859
of H1743−322 in the Figure 2). Then the e-folding rise
timescales τrise,10%−90%, τrise,10%−50%, and τrise,50%−90%
are calculated following Equation 1.
In some outbursts, F10% or F50% cannot be identified
because of data gaps (e.g., in Figure 2, the data gaps
during about MJD 50100–50130 in the outburst of GRS
1739−278 and the data gaps during about MJD 52600–
52640 in the outburst of XTE J1720−318). There are
other cases for which we could not identify the data
points F10% or F50% because the X-ray flux increased
too quickly on the daily timescale (e.g. the outburst of
MXB 1730−333 in the Figure 2).
To reverse the order of the data during the decay phase,
we used the same method as in the rise phase to select
the F90%, F50%, and F10%. Then we obtained the e-
folding decay timescales for the different decay episodes
corresponding to F10% – F90%, F10% – F50%, and F50%
– F90%, respectively. Figure 5 shows the distributions of
the e-folding rise and decay timescales, including the BH
LMXBTs, the NS LMXBTs, and all of the LMXBTs,
respectively. Table 3 lists the statistical results of the
average e-folding rise and decay timescales in a loga-
rithmic scale. Generally speaking, the e-folding decay
timescale (∼15 days) is about three times larger than the
e-folding rise timescale (∼5 days; see the τrise,10%−90%
and τdecay,10%−90% in the Table 3). From Figure 5 and
Table 3, we can see that the τrise,10%−50% is about two
times smaller than τrise,50%−90% (both for BH and NS
LMXBTs). Both the τrise,10%−90% and τrise,50%−90% of
BH LMXBTs are two times larger than those of NS
LMXBTs, but the τrise,10%−50% of BH and NS LMXBTs
are similar. All the three e-folding decay timescales of
BH LMXBTs are larger than those of NS LMXBTs by a
factor of ∼ two. The e-folding decay timescales are sim-
ilar between the decay episodes corresponding to F10% –
F50% and F50% – F90% (both for BH and NS LMXBTs),
which suggests that the decay phase (from F90% to F10%
) of most outbursts is roughly of the exponential form.
The e-folding rise or decay timescale we measured
might include the plateau phase or secondary flare for
the outbursts with plateau or multipeak profiles. Some
outbursts have a plateau or secondary flare during the de-
cay (such as the outbursts of XTE J1701−462 and XTE
J2012+381 in Figure 2). It is quite interesting to study
the decay before and after the plateau or secondary flare;
this may reveal the mechanism of the plateau or the sec-
ondary flare. In the 1997 outburst of Aql X-1 and the
1998 outburst of XTE J2012+381, the F90% – F50% and
F50% – F10% during the decay covered the phases be-
fore and after a short plateau or a secondary flare. The
τdecay,10%−50% and τdecay,50%−90% were about 6 and 14
days for the outburst of Aql X-1, which means that the
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Figure 5. The distributions of the e-folding rise or decay timescales during different rise or decay episodes. The averages of τrise,10%−90%,
τrise,10%−50%, and τrise,50%−90% in a logarithmic scale are 5.326, 3.672, and 7.038 days, respectively. The averages of τdecay,10%−90%,
τdecay,10%−50%, and τdecay,50%−90% are 15.013, 12.194, and 15.330 days, respectively.
flux decreases faster after the plateau than before. And
τdecay,10%−50% and τdecay,50%−90% were about 18 and 19
days for the outburst of XTE J2012+381, which means
that the flux decreases exponentially at the same rate be-
fore and after the secondary flare. Chen et al. (1997) has
also mentioned that the source undergoes an exponential
decay or sharp cutoff after a plateau phase. Because a
detailed study of the outburst profiles is beyond the of
scope of this work, we cannot draw a conclusion about
this issue at the moment.
We also measured the rate of change of flux according
to F˙ = ∆F/∆t for the different rise or decay episodes
corresponding to F10% – F50%, F50% – F90%, and F10%
– F90%, respectively. For the sources with known dis-
tances and masses, we scaled the L˙ in units of LEdd.
Figure 6 shows the distributions of L˙ of different rise
and decay episodes in a logarithmic scale, and Table 4
shows the statistical results of the average L˙ in a log-
arithmic scale. From Figure 6 and Table 4, we can
see that the L˙rise,50%−90% is about two times larger
than L˙rise,10%−50% for both the BH and NS LMXBTs,
9and L˙decay,50%−90% is also about two times larger than
L˙decay,10%−50%. These suggest that the X-ray luminos-
ity changes much more dramatically when it is near the
peak X-ray luminosity.
We showed the correlation between L˙rise and Lpeak
scaled in LEdd in Figure 7. The Spearman correlation
coefficients of these three correlations are 0.70, 0.67,
and 0.71 at a significance of 7.28σ, 6.31σ, and 6.87σ
for the different rise episodes corresponding to F10%
– F90%, F10% – F50%, and F50% – F90%, respectively.
These results demonstrate that there is a significant
positive correlation between L˙rise and Lpeak (see Fig-
ure 7), which confirms the previous results in Yu & Yan
(2009). We used a linear function in a logarithmic scale
(log L˙rise = A + B × logLpeak) to fit the three correla-
tions with a Bayesian approach following Kelly (2007).
Then we got log L˙rise,10%−90% = (−0.83±0.14) + (1.48±
0.15) × logLpeak, log L˙rise,10%−50% = (−0.93 ± 0.15) +
(1.47±0.16)×logLpeak, and log L˙rise,50%−90% = (−0.59±
0.17)+(1.48±0.17)×logLpeak, respectively. The intrinsic
scatters of these correlations are 0.36±0.05, 0.37±0.06,
and 0.43±0.06 dex, respectively. The best-fit results are
also plotted in Figure 7. We found that the Lpeak is
also positively correlated with L˙decay in units of LEdd
(see Figure 7). The Spearman correlation coefficients
are 0.59, 0.56, and 0.60 at a significance of 5.84σ, 5.39σ,
and 5.97σ for the different decay episodes corresponding
to F10% – F90%, F10% – F50%, and F50% – F90%, respec-
tively, which shows that the positive correlations between
Lpeak and L˙decay are also very significant. We then used
the same function (log L˙decay = A+B × logLpeak) to fit
the three correlations with a Bayesian approach in Kelly
(2007), and we got log L˙decay,10%−90% = (−1.36±0.14)+
(1.32± 0.15)× logLpeak, log L˙decay,10%−50% = (−1.44±
0.15)+(1.29±0.16)×logLpeak, and log L˙decay,50%−90% =
(−0.98±0.16)+(1.43±0.17)×logLpeak, respectively. The
intrinsic scatters of the three correlations are 0.34±0.04,
0.36±0.05, and 0.40±0.05 dex, respectively. The best-fit
results are also plotted in Figure 7. In Figure 7, it seems
that these positive correlations are also hold in the indi-
vidual source GX 339−4. In addition, we also found a
positive correlation between the e-folding rise timescale
and the orbital period (see Figure 8). The Spearman cor-
relation coefficients are 0.51, 0.63, and 0.29 at a signifi-
cance of 3.15σ, 3.99σ, and 1.45σ for τ10%−90%, τ10%−50%,
and τ50%−90%, respectively, but no correlation between
the e-folding decay timescale and the orbital period was
found.
2.5. Outburst Duration
For outbursts with F10% identified both in the rise and
the decay phase, we estimated the duration of an out-
burst as the time interval between these two F10% values.
In this way, our estimation of outburst duration is inde-
pendent of the instrument sensitivity. Figure 9 shows the
distributions of the outburst durations for the available
outbursts, and Table 5 shows the statistical results of
the average duration in a logarithmic scale. Based on our
definition, the average duration of outbursts in LMXBTs
is about 54 days. From Figure 9 and Table 5, we can see
that the average duration of BH LMXBTs (∼88 days) is
larger than that of NS LMXBTs (∼39 days) by a factor
of about two.
We estimated the duty cycle for each LMXBT us-
ing the outburst duration and the number of outbursts
we measured. This parameter is very important in un-
derstanding the luminosity function and evolution of
LMXBs (such as Belczynski et al. 2004; Fragos et al.
2008, 2009), which is defined as the fraction of the life-
time that a transient source is in the outburst phase. Be-
cause of the highly reduced sky coverage of RXTE/ASM
since late 2010, we only used the data before 2011 to es-
timate the duty cycle. We summed all of the outburst
durations during the period 1996 – 2010 and divided by
the total observation time (∼ 5472 days) to estimate the
duty cycle for each LMXBT. For the outbursts, we could
not measure the outburst duration because of the lack of
identification of F10% in the rise or decay phases, so we
used the F50% or F90% (if lacking F50%) instead.
Figure 10 shows the distribution of the duty cycles we
estimated for all of the 36 LMXBTs. The average of duty
cycles in a logarithmic scale is 0.025+0.045−0.016, 0.035
+0.044
−0.019,
and 0.020+0.042−0.014 for all LMXBTs, NSs, and BHs, respec-
tively. However, many LMXBTs in our sample only have
one outburst during the entire RXTE era, so the duty
cycle we estimated is actually the upper limit of the true
value. The evolution history of the LMXBTs is much
longer than the 15 yr long RXTE/ASM observation, so
the behavior during the RXTE era may not be typical in
the long evolution history. We do at least get an order-of-
magnitude estimate of the duty cycles, which is helpful in
the theoretical modeling of the luminosity function and
the evolution of LMXBTs.
Some sources in our sample were also investigated by
Chen et al. (1997), including two NS LMXBTs, Aql
X-1 and 4U 1608−522, and three BH LMXBTs, 4U
1543−475, 4U 1630−472, and GRO J1655−40. We have
combined the results in Chen et al. (1997) to improve
the estimation of the duty cycles of these sources. We
used the average outburst duration in the RXTE era for
outbursts with no duration measurements in Chen et al.
(1997). The duty cycles of Aql X-1 and 4U 1608−522
from 1970 to 2011 are about 0.08 and 0.09, which are
the same as that in the RXTE era. The duty cycle of
4U 1543−475 from 1971 to 2011 is about 0.05, which is
one order of magnitude larger than that in the RXTE
era. The duty cycles of GRO J1655−40 from 1994 to
2011 and 4U 1630−472 from 1971 to 2011 are about 0.17
and 0.21, which are larger than the 0.12 and 0.16 esti-
mated for the outbursts only in the RXTE era.
Grindlay et al. (2014) has discovered historical opti-
cal outbursts in four BH LMXBTs. The data of XTE
J1118+480 are released in the DASCH (Digital Access
to a Sky Century @ Harvard) project. We identified 10
optical outbursts during the period from about 1911 to
1989 from the DASCH data of XTE J1118+480. There is
an X-ray outburst of XTE J1118+480 during the RXTE
era, which is not included in our sample because the peak
flux was less than 0.1 Crab. If we assume that all of the
historical optical outbursts were associated with X-ray
outbursts and the outburst durations of those optical
outbursts are similar to that of the X-ray outbursts in
the RXTE era, the duty cycle of XTE J1118+480 from
1911 to 2011 is about 0.05, which is a little larger than
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Figure 6. The distributions of L˙ in units of LEdd during different rise or decay episodes. The averages of L˙rise,10%−90%, L˙rise,10%−50%, and
L˙rise,50%−90% are 0.010, 0.008, and 0.015 LEdd/day, respectively. The averages of L˙decay,10%−90%, L˙decay,10%−50% and L˙decay,50%−90%
are 0.004, 0.003, and 0.008 LEdd/day, respectively.
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Table 4
Statistical Results of the Average L˙
All LMXBTs NS LMXBTs BH LMXBTs
< log(L˙rise,10%−90%) > −1.994± 0.692 −1.756± 0.457 −2.797± 0.755
< L˙rise,10%−90% > (LEdd/day) 0.010
+0.040
−0.008 0.018
+0.033
−0.011 0.002
+0.007
−0.001
< log(L˙rise,10%−50%) > −2.108± 0.742 −1.848± 0.553 −2.820± 0.736
< L˙rise,10%−50% > (LEdd/day) 0.008
+0.035
−0.006 0.014
+0.037
−0.010 0.002
+0.007
−0.001
< log(L˙rise,50%−90%) > −1.819± 0.740 −1.584± 0.468 −2.453± 0.954
< L˙rise,50%−90% > (LEdd/day) 0.015
+0.068
−0.012 0.026
+0.051
−0.017 0.004
+0.028
−0.003
< log(L˙decay,10%−90%) > −2.379± 0.595 −2.148± 0.313 −3.164± 0.660
< L˙decay,10%−90% > (LEdd/day) 0.004
+0.012
−0.003 0.007
+0.008
−0.004 0.001
+0.002
−0.001
< log(L˙decay,10%−50%) > −2.458± 0.594 −2.212± 0.316 −3.269± 0.575
< L˙decay,10%−50% > (LEdd/day) 0.003
+0.010
−0.003 0.006
+0.007
−0.003 0.001
+0.001
−0.0004
< log(L˙decay,50%−90%) > −2.102± 0.707 −1.887± 0.466 −2.813± 0.894
< L˙decay,50%−90% > (LEdd/day) 0.008
+0.032
−0.006 0.013
+0.025
−0.009 0.002
+0.011
−0.001
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Figure 7. Relation between L˙ and Lpeak in units of LEdd. The filled and unfilled symbols represent BH and NS LMXBTs, respectively.
There are positive correlations between Lpeak and L˙ in different rise or decay episodes. The solid line represents the best-fit result with a
function log L˙ = A+B× logLpeak, the dashed lines show the 2σ confidence intervals, and the dotted lines show the range of plus or minus
intrinsic scatter
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Table 5
Statistical Results of the Average Outburst Duration
All LMXBTs NS LMXBTs BH LMXBTs
< log(Duration) > 1.729± 0.355 1.595± 0.307 1.945± 0.321
< Duration > (days) 53.641+67.904−29.968 39.316
+40.436
−19.934 88.183
+96.579
−46.095
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Figure 8. Relation between orbital period and e-folding rise
timescale during different rise episodes. The filled and unfilled
symbols represent BH and NS LMXBTs, respectively. There are
weak correlations between Porb and τrise in different rise episodes.
the estimation (0.03) from only the data of the RXTE
era.
2.6. Total Energy Radiated during Outbursts
We integrated the X-ray flux over an outburst from
F10% in the rise phase to F10% in the decay phase to es-
timate the total X-ray fluence for each available outburst.
The X-ray energy spectra of LMXBTs usually varies dra-
matically during an outburst. In order to estimate the
X-ray flux more accurately, we extracted the ASM light
curves in three energy bands and scaled the X-ray flux
in Crab units with conversion factors of 1 Crab=27, 23,
and 25 c s−1 for 2–3 keV, 3–5 keV, and 5–12 keV, re-
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Figure 9. The distribution of the outburst duration. The average
of outburst duration is about 53.641, 39.316 and 88.183 days for
all of the LMXBTs, NSs and BHs respectively.
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Figure 10. The distribution of the duty cycles. The average duty
cycle is about 0.025, 0.035 and 0.020 for all of the LMXBTs, NSs
and BHs respectively.
spectively. Then we converted the photon fluxes of three
energy bands into fluxes by assuming a Crab Nebula-like
X-ray spectrum, and we summed the fluxes in the three
energy bands to obtain the X-ray flux in the 2–12 keV
band. Then we measured the total X-ray fluence by sum-
ming the 2–12 keV X-ray flux from F10% in the rise phase
to F10% in the decay phase. The data gaps in the daily
light curve due to sparse coverage were filled with values
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inferred by linear interpolation. For sources with known
distances, we obtained the total energy E radiated dur-
ing the outburst. We also measured the total radiated
energy during the rise and decay phases in this way.
Figure 11 shows the distributions of the total radiated
energy E in the 2–12 keV band. Table 6 shows the sta-
tistical results of the average total radiated energy in a
logarithmic scale. As can be seen from Table 6 and Fig-
ure 11, the average total energy of BH LMXBTs in 2–12
keV (∼ 2.47 × 1044 ergs) is about five times larger than
that of NS LMXBTs (∼ 0.55 × 1044 ergs). The aver-
age total energy is about 0.91 × 1044 ergs. Assuming
a bolometric X-ray flux correction factor of three and a
constant radiative efficiency of 0.1, this corresponds to a
total mass of 1.52 × 10−9M on average being accreted
during an outburst. The total radiated energy during the
decay phase is about two times larger than that during
the rise phase for both BH and NS LMXBTs, which sug-
gests that the central compact object will accrete more
mass during the decay phase (see Table 6). There is a
cutoff of the distribution of E for BH LMXBTs at the
lower E end, but it does not show in the NS LMXBT
distribution (see left panel of Figure 11), which may sug-
gest that there is a minimum disk mass is required to
trigger an outburst for BH LMXBTs.
We further plotted the correlation between the peak
X-ray luminosity and total radiated energy (see Fig-
ure 12). The Spearman correlation coefficients are 0.79,
0.71, and 0.80 at a significance of 9.51σ, 8.00σ, and
10.02σ for the E, Erise, and Edecay, respectively, which
demonstrate that there is a strong positive correlation
between the peak X-ray luminosity and the total radi-
ated energy. We used a linear function in a logarithmic
scale (logE = A + B × logLpeak) to fit the three corre-
lations with a Bayesian approach in Kelly (2007). Then
we got logE = (−13.26±6.53)+(1.52±0.17)× logLpeak,
logErise = (−11.18±7.31)+(1.45±0.19)×logLpeak , and
logEdecay = (−15.76± 6.40) + (1.58± 0.17)× logLpeak,
respectively. The intrinsic scatters of these correlations
are 0.29±0.04, 0.35±0.05, and 0.30±0.04 dex, respec-
tively. The best-fit results are also plotted in Figure 12.
These correlations seem to be also hold in an individual
source MXB 1730-33 (see Figure 12). We also found
that the total radiated energy is positively correlated
with the e-folding rise and decay timescale (see Fig-
ure 13). For the rise timescale, the Spearman correlation
coefficients are 0.57, 0.42, and 0.49 at a significance of
5.97σ, 3.78σ, and 4.55σ for τrise,10%−90%, τrise,10%−50%,
and τrise,50%−90%, respectively. For the decay timescale,
the Spearman correlation coefficients are 0.73, 0.66, and
0.63 at a significance of 8.43σ, 7.12σ, and 6.69σ for
τdecay,10%−90%, τdecay,10%−50%, and τdecay,50%−90%, re-
spectively. So these positive correlations are all very sig-
nificant. We used a linear function in a logarithmic scale
(log τ = A + B × logE) to fit all of the six correlations
with a Bayesian approach in Kelly (2007). Then we got
log τrise,10%−90% = (−23.31±3.76)+(0.55±0.09)× logE,
log τrise,10%−50% = (−18.08±4.75)+(0.42±0.11)× logE,
log τrise,50%−90% = (−22.08±4.41)+(0.52±0.10)× logE,
log τdecay,10%−90% = (−26.49 ± 2.49) + (0.63 ± 0.06) ×
logE, log τdecay,10%−50% = (−26.19 ± 3.02) + (0.62 ±
0.07)× logE, and log τdecay,50%−90% = (−26.00±3.73)+
(0.62±0.08)×logE, respectively. The intrinsic scatters of
all of the above six correlations are 0.39±0.03, 0.47±0.04,
0.44±0.04, 0.22±0.02, 0.27±0.03, and 0.37±0.03 dex, re-
spectively. The best-fit results are also plotted in Fig-
ure 13. The correlation between τrise,10%−90% and E also
holds in an individual source GX 339−4, and the corre-
lation between τdecay,10%−90% and E also holds in an in-
dividual source H1743−322 (see the upper panels of Fig-
ure 13). We also found a marginal correlation between
the total radiated energy E and the orbital period Porb
among different sources (see Figure 15). The Spearman
correlation coefficient is 0.49 at a significance of 3.03σ.
This correlation seems to only hold at an orbital period
of less than about 100 hr because of the large deviation
from this correlation of GRO J1744−28 with orbital pe-
riod 284 hr. We need more data to test whether the
correlation is valid at orbital periods larger than 100 hr.
For the sources with unknown distances, we estimated
the total fluence for each available outburst. If these out-
bursts also follow the correlations between E and τrise or
τdecay shown in Figure 13, we can infer the distances for
these sources according to the correlations. We used a
linear model in a logarithmic scale (logE = A+B×log τ)
to fit the correlations with a Bayesian approach in Kelly
(2007). The best-fit parameters are shown in Table 7.
There are five sources with unknown distances in our
sample (see Table 1). We identified three outbursts in
SLX 1746−331 and one outburst in four other sources
(SWIFT J1539.2−6227, SWIFT J1842.5−1124, XTE
J1755−324, and XTE J2012+381). The e-folding rise
or decay timescales of these five sources can be seen in
Table 8. We calculated six values for the distance at most
for each outburst according to the fitted results of differ-
ent e-folding rise or decay timescales in Table 7 by as-
suming that those outbursts follow the correlations. We
used the average value and standard deviations of the
distances from the different correlations as our estima-
tion. The distances for these five sources are 10.81±3.52,
9.32 ± 1.53, 12.87 ± 2.32, 11.09 ± 4.52, and 7.49 ± 2.16
kpc for SLX 1746−331, SWIFT J1539.2−6227, SWIFT
J1842.5−1124, XTE J1755−324, and XTE J2012+381,
respectively.
The intrinsic scatters of the six different E − τ corre-
lations are quite large, from about 0.3 to 0.5 dex. An
average intrinsic scatter of 0.4 dex implies that the 1σ
uncertainties of the distances inferred according to those
correlations can be up to a factor of 1.6. We further ap-
plied this method to sources with known distances and
compared the inferred distances with the distances we
collected from the literature (see Figure 14). The differ-
ences between these two quantities of most of the sources
are less than a factor of 1.6, which supports the idea that
the large scatter of Figure 14 is due to the intrinsic scat-
ters in the E − τ correlations. A few sources such as 4U
1543−47 show a large discrepancy, which is caused by
the large deviation from the E − τ correlations of this
source.
2.7. Summary of the Results
We have performed a systematic study of the LMXBT
outburst properties in the 2–12 keV band using the data
from RXTE/ASM. We defined parameters that are used
to describe outburst properties and presented the sta-
tistical results of these parameters, including peak X-ray
luminosity, rate of change of luminosity during the rise or
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Table 6
Statistical Results of the Average Total Radiated Energy
All LMXBTs NS LMXBTs BH LMXBTs
< log(Etotal) > 43.958± 0.565 43.741± 0.468 44.392± 0.491
< Etotal > (10
44ergs, 2− 12keV ) 0.908+2.425−0.660 0.551+1.065−0.363 2.468+5.180−1.671
< log(Erise) > 43.469± 0.594 43.253± 0.476 43.901± 0.577
< Erise > (10
44ergs, 2− 12keV ) 0.295+0.862−0.220 0.179+0.357−0.119 0.796+2.206−0.585
< log(Edecay) > 43.795± 0.580 43.597± 0.520 44.191± 0.489
< Edecay > (10
44ergs, 2− 12keV ) 0.624+1.749−0.460 0.396+0.913−0.276 1.554+3.236−1.050
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Figure 11. The distributions of the total radiated energy in 2–12 keV. The averages of E are 0.908 × 1044 ergs, 0.551 × 1044 ergs, and
2.468× 1044 ergs for all of the LMXBTs, NSs, and BHs, respectively.
Table 7
Parameters of the Best-fit Results of
logE = A+B × log τ
A B
τrise,10%−90% vs. E 43.46± 0.10 0.68± 0.11
τrise,10%−50% vs. E 43.72± 0.10 0.49± 0.13
τrise,50%−90% vs. E 43.48± 0.12 0.60± 0.12
τdecay,10%−90% vs. E 42.65± 0.12 1.14± 0.10
τdecay,10%−50% vs. E 42.92± 0.12 1.00± 0.11
τdecay,50%−90% vs. E 43.09± 0.13 0.75± 0.10
decay phase on a daily timescale, e-folding rise or decay
timescale, outburst duration, and total radiated energy.
Readers need to keep in mind that these parameters de-
pend on the energy band: all of our measurements are in
the 2–12 keV band. The bolometric luminosity and total
radiated energy could be three times larger than what we
measured in 2–12 keV (e.g. in’t Zand et al. 2007). Please
note that our sample only includes the bright outbursts
with a peak count rate larger than 0.1 Crab.
1. The average peak X-ray luminosity of outbursts in
our sample is about 4.7×1037 ergs s−1 (see Lpeak
in Table 2).
2. The average rate of change of luminosity is
about 0.01 LEdd/day during the rise phase (see
L˙rise,10%−90% in Table 4) and 0.004 LEdd/day dur-
ing the decay phase (see L˙decay,10%−90% in Table 4).
3. The average e-folding rise timescale is about five
days (see τrise,10%−90% in Table 3), and the e-
folding decay timescale is about 15 days (see
τdecay,10%−90% in Table 3).
4. The average outburst duration is about 54 days
(see Table 5).
5. The average total radiated energy of all LMXBTs
is about 0.91×1044 ergs for the bright outbursts
(see < Etotal > in Table 6).
We have also found correlations between some outburst
properties or between outburst properties and binary sys-
tem parameters:
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Figure 12. Relation between peak X-ray luminosity and total
radiated energy. The filled and unfilled symbols represent BH and
NS LMXBTs, respectively. There are positive correlations between
the peak X-ray luminosity and the total radiated energy. The solid
line represents the best-fit result with a function logE = A+B ×
logLpeak, the dashed lines show the 2σ confidence intervals, and
the dotted lines show the range of plus or minus intrinsic scatter.
1. A positive correlation between the rate of change of
luminosity and the peak X-ray luminosity in units
of LEdd in both the rise and decay phases (see Fig-
ure 7).
2. A positive correlation between the peak X-ray lu-
minosity and the total radiated energy (see Fig-
ure 12).
3. A positive correlation between the e-folding rise or
decay timescale and the total radiated energy (see
Figure 13).
4. A weak positive correlation between the orbital pe-
riod and the total radiated energy (see Figure 15).
5. A weak positive correlation between the orbital pe-
riod and the e-folding rise timescale (see Figure 8).
3. DISCUSSION
3.1. Comparison between Outbursts of BH and NS
LMXBTs
Once a new LMXBT was discovered, the most impor-
tant thing is to determine the nature of the compact
object. If there is no evidence of an NS from a Type I
burst or pulsation detection or if the mass of the com-
pact object cannot be measured, then people normally
use the X-ray spectral and timing properties to infer the
nature of the compact object.
Our statistical study of the outbursts of LMXBTs
shows that the average values of most parameters have
significant differences between BH LMXBTs and NS
LMXBTs, except τrise,10%−50%.
1. The average peak count rate and luminosity of BH
LMXBTs is about two times larger than that of NS
LMXBTs.
2. The average e-folding rise timescales (except
τrise,10%−50%) of BH LMXBTs are about two times
larger than those of NS LMXBTs.
3. The average e-folding decay timescale of BH
LMXBTs are all more than two times larger than
those of NS LMXBTs.
4. The average outburst duration of BH LMXBTs is
about two times larger than that of NS LMXBTs.
5. The average total radiated energy of BH LMXBTs
is about five times larger than that of NS LMXBTs.
Therefore, these parameters are very helpful in infer-
ring the nature of the compact object in a statistical
sense. When a new transient is discovered, we can mea-
sure the outburst properties (including peak X-ray lu-
minosity, rise or decay timescale, outburst duration, and
total radiated energy) as described in Section 2, and com-
pare them with the distributions of all of the available
parameters of BH LMXBTs and NS LMXBTs to jointly
infer the nature of the central compact object.
3.2. Disk Mass as the Primary Initial Condition for
Nonstationary Accretion
Yu & Yan (2009) have suggested that the nonstation-
ary accretion that is characterized by the rate of increase
of X-ray luminosity plays an important role in determin-
ing the luminosity of the hard-to-soft state transition and
the peak X-ray luminosity of an outburst. In order to
further investigate the role of nonstationary accretion,
we studied the rate of change of luminosity in the rise
and decay phases. The rate of change of luminosity in
the rise phase is about 2 times larger than that in the
decay phase (both for BH and NS LMXBTs). The corre-
lation between the rate of change of luminosity and peak
X-ray luminosity scaled in LEdd exists both in the rise
and decay phase (see Figure 7), which confirms the pre-
vious results and further supports the schematic picture
of Fig.28 in Yu & Yan (2009).
The nonstationary accretion corresponding to tran-
sient outbursts is probably set up by an initial condi-
tion: disk mass (Yu et al. 2004, 2007; Wu et al. 2010a,b).
In our study, the total radiated energy E should cor-
respond to the disk mass accreted during an outburst
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Figure 13. Relation between E-folding rise or timescale and total radiated energy. The filled and unfilled symbols represent BH and NS
LMXBTs, respectively. There are positives correlation between E and τ in different rise or decay episodes.The solid line represents the
best-fit result with a function log τ = A+B× logE, the dashed lines show the 2σ confidence intervals, and the dotted lines show the range
of plus or minus intrinsic scatter.
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Figure 14. Distances from literature versus distances inferred
from E − τ correlations. From top to bottom, the three dashed
lines represent Y = 1.6X, Y = X, and Y = X
1.6
, respectively. The
differences between the inferred distances and the known distances
of most of the sources are consistent with the intrinsic scatters of
the E − τ correlations.
if a constant radiative efficiency can be approximately
assumed. There are three outbursts followed by immedi-
1 10 100 1000
Porb (hours)
1043
1044
1045
E
 (
e
rg
s,
 2
-1
2
 k
e
V
)
Aql X-1
GRO J1655-40
GRO J1744-28
GX 339-4
MAXI J1659-152
Swift J1753.5-0127
4U 1543-475
4U 1608-522
1A 1744-361
2S 1803-245
XTE J1550-564
XTE J1650-500
XTE J1859+226
Figure 15. Relation between orbital period and total radiated
energy. The filled and unfilled symbols represent BH and NS
LMXBTs, respectively. There is a positive correlation between
E and Porb.
ate secondary outbursts in our sample, including the 2002
and 2010 outbursts of 4U 1630−47 and the 1998 outburst
of XTE J1550−564. Based on our definition, the E only
includes the radiated energy during the primary outburst
in these cases. But only three data points cannot erase
the positive correlations related with E. Thus we con-
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cluded that the disk mass accreted during an outburst
is correlated with peak X-ray luminosity, rise timescale,
and decay timescale, which supports the idea that disk
mass plays a major role in determining outburst proper-
ties inferred from observations (Yu et al. 2004, 2007; Wu
et al. 2010a,b). The peak X-ray luminosity is a function
of disk mass, which is actually expected from the DIM
(King & Ritter 1998; Shahbaz et al. 1998; Lasota 2001;
Dubus et al. 2001), because the peak mass accretion rate
M˙peak depends on the maximum radius over which the
heating front can propagate.
We found a weak correlation between the total radiated
energy E and the orbital period Porb (see Figure 15). For
a fixed mass ratio between the compact star and the com-
panion star, the orbital period constrains the size of the
Roche lobe and the maximum disk size as well. Only if a
specific ratio of the Roche lobe was filled by the accretion
disk, and a specific ratio of mass stored in the disk was
accreted onto the compact star during an outburst, can
we see such a positive correlation between E and Porb.
This correlation is also expected from the DIM (Lasota
2001) because the mass accreted during an inside-out
outburst is mainly determined by the disk radius where
the heating front can reach; the critical surface density
change very small between different systems. If the ir-
radiation is strong enough to ionize the whole disk, the
heat front can propagate to the outer radius, and most
of the disk mass will be accreted by the compact ob-
ject during the outburst (King & Ritter 1998; Shahbaz
et al. 1998; Dubus et al. 2001). The average peak X-ray
luminosity of our sample is about 4.7 × 1037 ergs s−1
(see Table 2), which is larger than the critical luminos-
ity required to ionize the entire disk for a typical disk
size given in Shahbaz et al. (1998), so we can see that
the correlation between the total radiated energy E and
the orbital period Porb. GRO J1744−28 has the longest
orbital period in our sample, which means the largest
disk size. A possible reason for GRO J1744−28 show-
ing a large deviation from the correlation (see Figure 15)
is that the peak X-ray luminosity is not high enough to
ionize the whole disk.
3.3. Transient Stellar-mass ULXs During
Super-Eddintong Outbursts
A statistical study of the hard-to-soft state transitions
in Galactic bright X-ray binaries shows no indication of a
luminosity saturation or cutoff in the correlation between
the hard-to-soft transition luminosity and the peak X-ray
luminosity of the outburst or flare up to more than 30%
of LEdd (Yu & Yan 2009). This indicates that more lu-
minous hard states and outbursts than those observed
in our Galaxy are allowed by physics. If the luminosity
function of Galactic LMXBT outbursts can be estimated,
we would see that one outburst of Galactic LMXBTs can
reach an Eddington outburst in a few tens of years (Yu
& Yan 2009). A super-Eddington outburst candidate is
the 1999 outburst of V4641 Sgr (see Orosz et al. 2001;
Revnivtsev et al. 2002). However, this source was clas-
sified as HMXB in the subsequent studies (Orosz et al.
2001; Liu et al. 2006). On the other hand, the 1999
outburst of V4641 Sgr shows properties that are largely
different from the classic outburst of an LMXBT. The
rise and decay phases of this outburst were extremely
fast: it reached 12 Crab within 8 hr from quiescence and
returned to quiescence within 2 hr. We speculated that
this outburst has a mechanism different from the classic
outburst of an LMXBT.
Two transient ULXs in M31 were identified as LMXBs
(Henze et al. 2012; Kaur et al. 2012; Middleton et al.
2012) which confirmed our previous prediction of the oc-
currence of transient ULXs in Yu & Yan (2009), because
M31 is significantly larger than the Milky Way. Moni-
toring observations performed with Chandra, XMM −
Newton and Swift covered the entire outburst phase
for XMMU J004243.61+412519 and the decay phase of
CXOM31 J004253.1+411422. We collected the X-ray
light curves of both transient ULXs from the literature
(Kaur et al. 2012; Middleton et al. 2013) in order to com-
pare the outburst properties with the Galactic LMXBTs.
We followed the same methods in Section 2 to measure
the peak X-ray luminosity, rate of change of luminosity,
e-folding rise and decay timescales, outburst duration,
and total radiated energy (see Table 9). The light curves
of these two ULXs were obtained in 0.3–10 keV, which is
different from the RXTE/ASM light curves of Galactic
LMXBTs. Comparing the parameters of the outbursts
of the two transient ULXs in M31 (see Table 9) with NS
LMXBTs and BH LMXBTs, we tend to suggest that the
nature of the central compact objects is like BHs. The
masses of central compact objects in these two ULXs are
both assumed to be 10 M.
The outburst parameters of the two M31 transient
ULXs are also plotted in the correlations we found in
the Galactic LMXBTs. As can be seen in Figure 7 and
Figure 12, the two transient ULXs in M31 follow the cor-
relation between the rate of change of luminosity and the
peak X-ray luminosity and the correlation between the
peak X-ray luminosity and the total radiated energy. But
as shown in see Figure 13, the two transient ULXs seem
to locate below the extrapolation of the correlations be-
tween the e-folding rise or decay timescale and the total
radiated energy found in Galactic LMXBTs. Because of
the large intrinsic scatters of the correlations, we need
more data to verify whether the correlations have a sat-
uration or break at the higher luminosity end. In the
future, much more sensitive all-sky monitors will provide
us with a large sample of light curves of transient ULXs in
nearby galaxies, which will offer a significant advantage
ing studying the properties of super-Eddington outbursts
because these sources have more populations and smaller
absorption compared to Galactic sources and shorter
timescales compared to super-Eddington active galactic
nuclei. These two transient ULXs in M31 roughly fol-
low the correlations found in the Galactic LMXBTs, and
their outburst properties are also similar to the Galactic
LMXBTs, which demonstrates that the sub-Eddington
and super-Eddington outbursts are driven by the same
mechanism.
3.4. Rise or Decay Timescale and the DIM
In the original form of the DIM, the rise or decay time
corresponds to the time duration over which the heating
or cooling front propagates. The velocity of the heating
front is of the order of αcs (Meyer 1984), where cs is the
sound speed, so the rise time trise is ∼ R/αcs (Frank et al.
2002). If the rise time corresponds to the propagation
time through the entire accretion disk, it will be ∼ 100
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hr if assuming a disk size of ∼ 1011 cm, which is compara-
ble with the rise timescale we observed (τrise,10%−90% ∼ 5
days; see the Table. 3). But the rise timescale we mea-
sured is in the X-ray band, so it may correspond to the
heating front propagation time through the X-ray emis-
sion region, which is much smaller.
Dubus et al. (2001) considered a modified DIM, in-
cluding the effects of irradiation and evaporation, and
assumed that the inner region of a disk is replaced by
an advection-dominated accretion flow (ADAF) at the
beginning of an outburst. The inner radius of the trun-
cated disk decreases until its minimum value is reached
when M˙in = M˙ev(Rmin), where M˙in is the mass accretion
rate and M˙ev is the evaporation rate. The rise time trise
is a viscous time that the disk needs to reach Rmin from
the initial truncated radius Rtr. For the typical param-
eters of LMXBs, the trise is of the order of several days
(Dubus et al. 2001), which is comparable with the rise
timescale we observed. But we did not measure the rise
timescale by taking the quiescence as the beginning. In
practice, the rise time from quiescence is difficult to esti-
mate from the RXTE/ASM data because the sensitivity
is not enough to determine the quiescent flux level.
Our statistical results show that the outburst decay of
most outbursts is consistent with an exponential form
down to F10%. It has been found that the irradia-
tion of the accretion disk by the central X-rays can
naturally explain the exponential decay (King & Rit-
ter 1998). The decay timescale (∼20–40 days) given by
King & Ritter (1998) is comparable to the average de-
cay timescale we measured within error bars (6 – 37 days;
see τdecay,10%−90% in Table 3). King & Ritter (1998) also
showed that the e-folding decay timescale is of the order
of the viscous timescale of the outer radius and increases
with the orbital period, but saturates at τdecay ∼ 40 days
for the binary systems with orbital periods longer than
about a day. We have checked for this but did not find a
positive correlation between orbital period and e-folding
decay timescale for the data where τdecay is below 40
days. The broadband spectral evolution (including opti-
cal, ultraviolet, and X-ray bands) shows that the outer
disk radius decreases during the outburst decay (see, e.g.,
Hynes et al. 2002). So the τdecay as a proxy for the vis-
cous timescale of the outer disk radius cannot trace the
size of the Roche lobe. This might be the reason that
we did not find a statistical positive correlation between
τdecay and the orbital period.
However, we found a positive correlation between the
e-folding rise timescale and the orbital period (see Fig-
ure 8). It is reasonable that the viscous time at the
outer disk is positively correlated with the orbital period
(Menou et al. 1999; Gilfanov & Arefiev 2005), so the rise
timescale may relate to the viscous time of the outer disk.
If the e-folding rise timescale we measured is a proxy for
the viscous timescale at the initial truncated radius, the
truncated radius must be related to the outer disk radius,
which leads to the correlation between the e-folding rise
timescale and the orbital period. How the truncated ra-
dius is related to the outer disk radius when the LMXBTs
are in their quiescence deserves further studies.
4. SUMMARY AND CONCLUSION
We have performed a statistical study of the outburst
properties of 110 outbursts in 36 LMXBTs. We have
measured the average and standard deviation of the out-
burst parameters, including the peak X-ray luminos-
ity, rate of change of luminosity during the rise or de-
cay phase on a daily timescale, e-folding rise or decay
timescale, outburst duration, and total radiated energy.
We have found the following:
1. Most of the outburst parameters show significant
differences between BH and NS LMXBTs, which is
helpful in determining the nature of the compact
object in a newly discovered LMXBTs.
2. A positive correlation exists between the outburst
peak X-ray luminosity and the rate of change of
X-ray luminosity in both the rise and the decay
phases, which is consistent with our previous stud-
ies (Yu & Yan 2009).
3. Positive correlations between the total radiated en-
ergy and peak X-ray luminosity, and between the
total radiated energy and the e-folding rise or decay
timescale in the outbursts, which implies that the
disk mass before an outburst is the primary initial
condition that sets up the outburst properties.
4. The two transient stellar-mass ULXs in M31
roughly follow the correlations we found in Galactic
LMXBTs, which indicates that they share a com-
mon outburst mechanism with Galactic LMXBTs.
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